G protein-coupled receptor kinases (GRKs) are a family of serine/threonine kinases that phosphorylate many activated G protein-coupled receptors (GPCRs) and play an important role in GPCR desensitization. Our previous work has demonstrated that the C-terminal conserved region (CC) of GRK-2 participates in interaction with rhodopsin and that this interaction is necessary for GRK-2-mediated receptor phosphorylation (Gan, X. Q., Wang, J. Y., Yang, Q. H., Li, Z., Liu, F., Pei, G., and Li, L. (2000) J. Biol. Chem. 275, 8469 -8474). In this report, we further investigated whether the CC of other GRKs had the same functions and defined the specific sequences in CC that are required for the functions. The CC regions of GRK-1, GRK-2, and GRK-5, representatives of the three subfamilies of GRKs, could bind rhodopsin in vitro and inhibit GRK-2-mediated phosphorylation of rhodopsin, but not a peptide GRK substrate. Through a series of mutagenesis analyses, a proline-rich motif in the CC was identified as the key element involved in the interaction between the CC region and rhodopsin. Point mutations of this motif not only disrupted the interaction of GRK-2 with rhodopsin but also abolished the ability of GRK-2 to phosphorylate rhodopsin. The findings that the CC region of GRKs interact only with the light-activated but not the non-activated rhodopsin and that the Nterminal domain of GRK-2 interacts with rhodopsin in a light-independent manner suggest that the CC region is responsible for the recognition of activated GPCRs in the canonical model.
G protein-coupled receptor kinases (GRKs) 1 constitute a family of seven serine/threonine protein kinases that specifically recognize and phosphorylate agonist-bound, or activated, G protein-coupled receptors (GPCRs) (1, 2) . GRK-mediated receptor phosphorylation is one of the very well characterized mechanisms for GPCR desensitization. Receptor phosphorylation rapidly initiates the binding of arrestins, which blocks the activation of G proteins, leading to rapid homologous desensitization (1, 2) . As a result of ␤-arrestin binding, the receptors are targeted to clathrin-mediated endocytosis (3) . GRKs may also block G protein signaling by direct interaction with G protein ␣ and ␤␥ subunits (4) . In addition, GRKs have been reported to phosphorylate non-GPCR substrates, such as tubulin (5, 6) , synucleins (7), phosducin (8) , ribosomal protein P2 (9), platelet-derived growth factor receptor, and epidermal growth factor receptor (10) , thus extending the physiological functions of GRKs beyond GPCR desensitization.
GRK function is tightly regulated through a number of mechanisms. For example, GRK-2 can be phosphorylated by protein kinase C (11, 12) , extracellular signal-regulated kinase 1 (13) , and c-Src (14) . In addition, GRKs interact with many proteins, including G␣ (4, 15, 16) and G␤␥ (17) subunits, clathrin (18) , GRK-interacting protein GIT1 (19) , caveolin-1 (20) , phosphoinositide 3-kinase-␣ and -␥ (21), cytoskeletal protein tubulin and actin (6, 22, 23) , and Raf kinase inhibitor protein (24) . Many of these interactions are thought to be important for regulating the localization and enzymatic activity of GRKs.
In the canonical model, GRKs rapidly recognize and phosphorylate activated GPCRs, leading to their homologous desensitization. In this process, GRKs exhibit two major characteristics: 1) they preferentially phosphorylate the activated (agonist-bound) rather than the non-activated GPCRs; 2) interaction of GRKs with their activated receptor substrates potently activates the kinase activity of GRKs. GPCRs are a family of thousands of seven-transmembrane proteins that share very low homology in their amino acid sequences. Palczewski et al. showed previously that a truncated rhodopsin with endopeptidase cleavage of all phosphorylation sites on the C terminus could still bind GRK-1 and stimulate phosphorylation of a synthesized peptide, suggesting that interaction beyond the phosphorylation site of rhodopsin with GRK-1 is important for GRK activity (25) . It has been also reported that the cytoplasmic loop III and a few sites in the other cytoplasmic loops of rhodopsin are involved in interaction with GRK-1 (26) . However, the domain or region of GRKs responsible for receptor recognition remains unclear. Based on the primary sequence analysis, GRKs contain a centrally located catalytic domain flanked by a large N-and a C-terminal regulatory domain, and the C-terminal domain of GRKs can be divided into two subdomains: a conserved region and a variable region (2, 27) . The crystal structure of GRK-2 in complex with G protein ␤1␥2 subunits has been solved, which provides a structural basis to understand the biological functions of GRK-2 and the specific recognition and interaction of GRK-2 with its receptor substrates (28) . According to this structure, the enzyme consists of three structural domains: a predominantly N-terminal regulator of G protein signaling homology domain, a central kinase catalytic domain, and a pleckstrin homology domain at the C terminus. The C-terminal conserved region (abbreviated as CC; residues 457-546) comprises the C-terminal part (resi-* This work was supported by grants from Natural Science Foundation of China (30170222), 973 program (2002CB513000), and Chinese Academy of Sciences project. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
§ Both authors contributed equally to this work. ʈ To whom correspondence should be addressed. Tel.: 86-21-54921188; Fax: 86-21-54921288; E-mail: lli@sibs.ac.cn. 1 The abbreviations used are: GRK, G protein-coupled receptor kinase; GPCR, G protein-coupled receptor; CC, the conserved region in C-terminal domain; GST, glutathione S-transferase; Rho*, light-activated rhodopsin; 329 G-Rho, a truncated form of rhodopsin with 19 amino acid residues deletion from the COOH terminus; 4PA, mutant with four prolines mutated to alanines; 3PA, mutant with three prolines mutated to alanines. dues 457-513) of the kinase domain and the second half of the regulator of G protein signaling homology domain (residues 514 -546) (28) . We have reported previously that the CC region of GRK-2 can inhibit GRK-2-mediated phosphorylation of rhodopsin in vitro through direct binding of this region to rhodopsin and that a mutant of GRK-2 with CC deletion resulted in a complete loss of its ability to phosphorylate rhodopsin, demonstrating that interaction of the CC region with rhodopsin is required for GRK-2 to phosphorylate the receptor (29) . The present work reveals a common role of this conserved region of GRKs in substrate recognition and defines a proline-rich motif within this region required for this interaction.
MATERIALS AND METHODS
Materials-Bovine GRK-2 was expressed in and purified from Escherichia coli as described previously (29) . Urea-treated rod outer segments were prepared from bovine retina as described previously (30) . All the operation was carried out under weak red light. The prepared rod outer segment was suspended in 20 mM HEPES, pH 7.4. It showed negligible endogenous kinase activity and consisted of Ͼ80% rhodopsin. A truncated form of rhodopsin with a 19 amino acid residue deletion from the C terminus ( 329 G-Rho) was made using endopeptidase Asp-N (Roche Molecular Biochemicals) cleavage as described previously (25) .
Construction of Various Mutant Forms of GRKs-cDNAs corresponding to fragments of the C-terminal conserved region and the N-terminal domain of GRKs were amplified by PCR using 5Ј-and 3Ј-primers designed from each corresponding cDNA fragments. Point mutations were generated by PCR-mediated site-directed mutagenesis. The vectors pGEX-4T (Amersham Biosciences) and pTXB1 (Biolab Inc.) were used to construct the GST-fusion and intein-fusion fragments, respectively.
Expression in E. coli and Purification of Various Mutant Forms of GRKs-
The GST-fused CC fragment constructs were transformed into E. coli BL21 (DE3), and the expression was induced with 100 M isopropyl ␤-D-thiogalactoside at 22°C for 16 h. The fusion proteins were purified by affinity absorption on GSH-Sepharose 4B and eluted with 5 mM GSH as described previously (31) . The intein-fused N-terminal domain (Met 1 -Asn 189 ) of GRK-2 was expressed in E. coli ER2566 by induction with 10 M isopropyl ␤-D-thiogalactoside at 22°C for 24 h in Tryptone-phosphate medium and was purified by chitin beads (Biolab Inc.) and used for the binding experiment. The mutant GRK-2 containing P467A, P468A, P469A, and P471A quadruple mutations (4PA mutant) was expressed in E. coli BL21 (DE3) and extracted as described previously (32) . The 4PA mutant protein was partially purified by the procedure of chromatography on Q-Sepharose FF (Pharmacia) and Blue-Sepharose 4B as described for the wild-type enzyme (29) , and finally purified to homogeneity by chromatography on an fast performance liquid chromatography Hiload 16/60 Superdex 200 prep grade. The peak fractions were assayed by SDS-PAGE, and the fractions containing pure mutant GRK-2 protein were pooled and stored at Ϫ20°C in 50% glycerol.
Assay of GRK-2-mediated Rhodopsin
Phosphorylation-Phosphorylation reaction solution contained urea-treated rod outer segments (3 M), and the purified wild-type GRK-2 (0 -200 ng) in a buffer of 20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 7.5 mM MgCl 2 , 1 mM dithiothreitol, and 0.1 mM [␥-
32 P]ATP (ϳ0.5 cpm/fmol) in a total volume of 20 l. Reactions were bleached with light at 30°C for 5 min, stopped with 20 l of 2ϫ SDS-sample buffer, and then electrophoresed on 10% SDS-polyacrylamide gels. The 32 P-labeled receptor bands were quantified using filmless autoradiographic analysis and excised and counted to determine the quantity of phosphate incorporation (picomoles).
Assay of Phosphorylation of a Synthetic Peptide by GRK-2-
A peptide GRK substrate (RRREEEEESAAA) was synthesized by CyberSyn (Aston, PA). A stock solution of the peptide was prepared and adjusted to pH 7.4 with Tris base. Various concentrations of the peptide (0 -1 mM) were incubated with wild-type GRK-2 or the 4PA mutant (100 -400 ng), 329 G-Rho* (0 -3 M) in a buffer containing 20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 7.5 mM MgCl 2 , 1 mM dithiothreitol, 0.5 mg/ml bovine serum albumin, and 0.1 mM [␥-
32 P]ATP (ϳ1 cpm/fmol; Amersham Biosciences) in a final volume of 20 l at 30°C for 30 min and stopped by the addition of 4 l of 60% trichloroacetic acid. The quenched reactions were centrifuged at 13,000 rpm for 10 min, and the resulting supernatants were transferred to a 2 ϫ 2-cm 2 P81 paper (Whatman) followed by five washes in 75 mM ice-cold phosphoric acid as described previously (33) . The GRK-2 activity was defined as the difference of phosphate incorporation in the presence and absence of the peptide.
Detection of Rhodopsin Binding to GST-and Intein-fused GRK Fragments-Rhodopsin was pretreated with 1% Triton X-100. The 50 l of 50% slurry of beads, which contained GST-fused GRK CC fragments or the intein-fused N-terminal domain of GRK-2 (1 g each), respectively, was mixed with rhodopsin (1 g) in a buffer containing 20 mM Tris-HCl, pH 8.0, 50 mM KCl, 0.5 mM EDTA, 0.2% bovine serum albumin and 0.01% Triton X-100, in a total volume of 200 l. The mixture was incubated at 4°C for another 1 h. After washing three times with a buffer containing 20 mM Tris-HCl, pH 8.0, 50 mM KCl, 0.5 mM EDTA, and 0.01% Triton X-100 (all the above operations were carried out under the condition of illumination noted above or in dark), the beads were analyzed by Western blotting with an anti-rhodopsin antibody (Leinco Technologies Inc., St. Louis, MO) and SDS-PAGE, respectively, to detect the retention of rhodopsin on the beads and the amount of the GRK proteins.
RESULTS
The C-terminal Conserved Region of GRKs Specifically Interacts with Rhodopsin-It has long been known that the Cterminal domain of GRKs is involved in membrane localization. Our previous work found that the conserved region within the C-terminal domain of GRK-2 interacts with rhodopsin, suggesting that the C-terminal domain of GRKs has an additional role (29) . The seven known GRK molecules can be divided into three subfamilies based on their sequence homology and func- tional similarity: 1) the GRK-1/7 subfamily; 2) the GRK-2 (also known as ␤-adrenergic receptor kinase or ␤ARK) subfamily including GRK-2 and GRK-3; and 3) the GRK-4 subfamily, consisting of GRK-4, GRK-5, and GRK-6 (2). We wanted to know whether the interaction between the CC and rhodopsin is unique to GRK-2 and tested whether the CCs of GRK-1 and GRK-5, representatives of the other two subfamilies, also interacted with rhodopsin. Fig. 1 shows the alignment and comparison of the amino acid sequence of CC from GRK-1, GRK-2, and GRK-5. Three GST fusion proteins, corresponding to the CC of GRK-1 (residues 456ϳ544), GRK-2 (residues 457ϳ546), and GRK-5 (residues 452ϳ541), respectively, were expressed and purified by GSH-Sepharose affinity chromatography. Effects of these three CC fragments on GRK-2-mediated phosphorylation were determined. As shown in Fig. 2A , the three fusion proteins significantly inhibited the phosphorylation of rhodopsin by GRK-2 in a dose-dependent manner. These proteins started to show inhibition at 2 M and inhibited GRK-2 activity by 65% at 6 M. The results demonstrated that the CC of both GRK-1 and GRK-5, like CC of GRK-2, could inhibit the phosphorylation of rhodopsin by GRK-2. However, none of the three CC fragments affect the phosphorylation of a synthesized peptide substrate by GRK-2 (data not shown).
To determine whether the inhibitory effect of the CC fragments on GRK-2-mediated phosphorylation of rhodopsin is caused by the competition between these fragments and GRK-2 for the binding to rhodopsin, an in vitro binding assay was carried out. Each of the fusion proteins or GST (as a control) was bound to GSH-Sepharose beads and then incubated with rhodopsin under illumination for an hour at 4°C. After extensively washing, the beads were treated with the SDS-PAGE sample buffer, and rhodopsin retained by the beads was detected by Western analysis. As shown in Fig. 2B , the CC fragments of GRK-1, GRK-2, and GRK-5 could interact with rhodopsin. Thus, we conclude that the CC of GRKs may harbor a conserved sequence that is required for binding rhodopsin.
A Conserved Proline-rich Motif Is a Key Site Involved in the Interaction between CC and Rhodopsin-To further delineate the sequences that are pivotal for the interaction of CC with rhodopsin, a series of truncated CC fragments of GRK-2 were constructed and purified as GST fusion proteins (Fig. 3A) . The ability of these fragments to bind rhodopsin was examined by incubation of activated rhodopsin with these GST fusion proteins bound to GSH-Sepharose beads. After extensive washing of the beads, retention of rhodopsin was analyzed by Western blot. As shown in Fig. 3B , CC-Asn-466 and CC-Cys-531, but not CC-Asn-479 and CC-Cys-516, interacted with rhodopsin as GRK2-CC did.
Based on these results, it was reasonable to postulate that regions of residues 466 -479 and 516 -531 might contain structural elements that are necessary for the interaction with rhodopsin. To further narrow the sequences, we introduced point mutations into GRK2-CC at residues that are conserved among GRKs. A conserved proline-rich motif within 468 -479 was found indispensable (Fig. 3C) . When the four proline residues (Pro-467/Pro-468/Pro-469/Pro-472) were mutated to alanines, this mutant (4PA) lost the ability to interact with rhodopsin (Fig. 3D ). The other mutations had little effect (listed in Fig.  3C ). Because point mutations within the sequence between 516 and 531 are not effective, the effect seen with the deletion of residues 516 -531 may be caused by structural alteration of GRK2-CC.
To investigate whether the proline-rich region of other GRKs is also involved in their interactions with rhodopsin, a GRK1-CC mutant (3PA) containing mutations for the three corresponding Pro residues (P467A/P468A/P471A) and a GRK5-CC mutant (3PA) containing substitution of Ala for Pro-463/Pro-464/Pro-467 were constructed and expressed as GST fusion proteins (The position of the proline residues is underlined in Fig. 1 ). Interactions of these fusion proteins with rhodopsin were then examined. As shown in Fig. 3E , both GRK1-CC-3PA and GRK5-CC-3PA cannot bind the light-activated rhodopsin, demonstrating that the conserved proline-rich motif of GRKs plays a key role in the interaction between CC and rhodopsin.
Effects of the Point Mutation of the Four Proline Residues in GRK-2 on the Kinase
Activity-Our previous work has demonstrated that GRK2-CC is required for GRK-2 to phosphorylate rhodopsin (29) . It is interesting to determine the role of the proline-rich motif in GRK-mediated phosphorylation of rhodopsin. We generated a GRK-2 mutant (GRK2-4PA) in which the four proline residues were mutated to alanines. GRK2-4PA was expressed in E. coli, purified to homogeneity (data not shown), and tested for its ability to phosphorylate rhodopsin
FIG. 2. Interaction of GRKs-CC with rhodopsin.
A, effects of CC of GRKs on GRK-2-mediated phosphorylation of rhodopsin. GST-fused GRK1-CC, GRK2-CC, and GRK5-CC were purified as described under "Materials and Methods." 2 and 6 M concentrations of three proteins were mixed, respectively, with 3 M rhodopsin in a total volume of 20 l containing 20 mM Tris-HCl, pH 7.5, 0.1 mM [␥-32 P]ATP (ϳ0.5 cpm/fmol), 7.5 mM MgCl 2, and 2 mM EDTA. The reaction was started by addition of 100 ng of purified GRK-2 and incubated at 30°C for 5 min. The results were quantified using filmless autoradiographic analysis. The data showed the percentage using GST as a control. Data shown were the mean Ϯ range from two separate experiments done in duplicate. B, direct binding of GRK1-CC, GRK2-CC, and GRK5-CC with rhodopsin. 1-2 g of GST-fused GRK1-CC, GRK2-CC, and GRK5-CC were bound to 20 l of GSH-Sepharose beads, and then 1 g of light-activated rhodopsin (Rho*) was added. After mixing for 1 h and washing three times, retention of rhodopsin were analyzed by Western blotting using anti-rhodopsin antibody (top), and the amount of GST fusion protein were detected by SDS-PAGE (bottom). and the peptide substrate. As shown in Fig. 4A , GRK2-4PA completely lost the ability to phosphorylate rhodopsin, whereas it can phosphorylate the peptide substrate as the wild-type GRK-2 does (Fig. 4B) , suggesting that the mutations have no significant effect on the activity and the conformation of the kinase catalytic domain of the enzyme. In addition, 329 G-Rho*, a truncated form of rhodopsin in which the GRK phosphorylation site is removed, can still markedly activate GRKs' catalytic activity for a peptide substrate (25, 34) . The truncated Rho* can also activate GRK2-4PA, although the activation is weaker than that of the wild-type GRK-2 (Fig. 4C ). All these characteristics are similar to those observed with GRK2-⌬CC (deletion of the residues 457-545) as described previously (29) . Based on these results, we conclude that the proline-rich motif in CC is critically involved in the interaction between CC and rhodopsin and that this motif is necessary for GRKs to phosphorylate its protein substrate rhodopsin.
CC of GRKs Interacts Only with the Light-activated Rhodopsin-Knowing that GRKs preferentially recognize and phosphorylate the activated (agonist bound) but not the non-activated GPCRs (1, 2), we wanted to know whether CC specifically interacts with the activated rhodopsin. As shown in Fig. 5A , CC of GRK-1, GRK-2 and GRK-5 all bound to only the light-activated but not the non-activated, rhodopsin. We also examined the interaction between the N-terminal domain (1ϳ189 amino acids) of GRK-2 and rhodopsin. When rhodopsin was pretreated with 1% Triton X-100, the interaction between the N-terminal domain of GRK-2 and rhodopsin could be detected in a light-independent manner (Fig. 5B) . DISCUSSION We have demonstrated previously that the C-terminal conserved region (CC) of GRK-2 participates in the interaction with rhodopsin and that this interaction is necessary for GRK-2-mediated receptor phosphorylation (27) . In this study, we further demonstrated that the CC of all GRKs can interact with rhodopsin as a substrate and that this region seems to specifically recognize the light-activated but not the non-activated rhodopsin. The recently solved crystal structure of GRK-2 in complex with G protein ␤1␥2 subunits has provided a basis to look at our results in a structural context. The CC region (residues 457-546) comprises the C-terminal part (residues 457-513; from the ␣J helix to the C-terminal end) of the kinase domain and the second half of the regulator of G protein signaling homology domain (residues 514 -546) in the structure of GRK-2 (28). The C-terminal portion of the kinase domain contains the functionally important nucleotide gate (residues 476 -495), which was disordered in the GRK-2 structure. The nucleotide gate is located on the membrane-proximal side of the GRK2-G␤␥ complex and is one of the three primary regions in GRK-2 that is responsible for discrimination of the non-active and the stimulated receptors and/or membrane targeting (28) . In this work, the proline-rich motif in the CC region of GRKs was found to be critical for the recognition and interaction of GRKs with rhodopsin. Proline-rich motif in proteins has been known to function as a ligand sequence that binds protein modules such as SH3, WW, and several other protein-interacting domains, and these proline-rich motif-mediated protein- FIG. 3 . Mutation analysis for the site involved in the interaction between CC of GRK-2 and rhodopsin. A, schematic representation of truncated mutants of GRK2-CC. B, GST fusion proteins were purified as described under "Materials and Methods." 1 g of Rho* was added to 20 l of GSH-Sepharose beads, which bound ϳ1-2 g of each GST fusion protein. The retention of rhodopsin (top) and the amount of GST fusion protein (bottom) were detected as described in Fig. 2B . C, list of point mutations of GRK2-CC and summary of the results. D, effects of the proline-rich region mutations on the interaction between GRK2-CC and rhodopsin. The procedure of binding and detection was the same as described in Fig. 2B . E, GRK1-CC-3PA (prolines 467, 468, and 471 were mutated to alanines) and GRK5-CC-3PA (prolines 463, 464, and 467 were mutated to alanines) were constructed as described under "Materials and Methods." Interaction of these two mutants with Rho* was detected through binding experiment as described in Fig. 2B. protein interactions are important in many signaling pathways (35, 36) . In the GRK-2 structure, the conserved proline residues form a hydrophobic patch on the surface and their backbone carbonyl oxygen atoms have the potential to form hydrogenbonding interactions (28) . In other words, the proline-rich motif of GRK-2 presents an easily accessible hydrophobic surface as well as a good hydrogen-bonding site for protein-protein interaction. Therefore, it is possible that the proline-rich motif of GRKs recognize and interact directly with rhodopsin. On the other hand, because the proline-rich motif forms a loop connecting the ␣J helix (residues 458 -464) and the disordered nucleotide gate (residues 476 -495) of the kinase domain (28) and proline has a rigid stereochemical conformation with less flexibility, it is also possible that the rigidity of the proline-rich motif might be needed to constrain and/or modulate the conformation and/or position of ␣J helix and the nucleotide gate (and the overall conformation of the CC region and the kinase domain in the enzyme). Mutations of prolines to alanines in this motif would apparently alter this constraint and allow more flexibility, which would conceivably disrupt the interaction of the CC region with rhodopsin and abolish the ability of GRK-2 to catalyze rhodopsin phosphorylation. These two possibilities are not mutually exclusive; rather, they probably work in a concerted way.
The finding that neither the N-terminal nor the CC deletion mutant of GRK-2 affects its ability to phosphorylate the peptide substrate (29, 37) suggests that neither of these regions is required for the intrinsic catalytic activity. On the other hand, the failure of these deletion mutants to phosphorylate rhodopsin indicates that both regions have a role in phosphorylating GPCR substrates. The N-terminal domain of GRKs has been thought to recognize activated receptors (2) . However, our results from this work strongly suggest that CC within the Cterminal domain of GRKs has this function, because CC binds only the activated rhodopsin, whereas the N-terminal domain of GRK-2 binds rhodopsin independent of its activation state. In addition, the interaction of the N-terminal domain, but not CC, with rhodopsin in the membrane preparation depends on Triton X-100 pretreatment, suggesting that the N-terminal domain might not have access to intact rhodopsin. Thus, the interaction between the N-terminal domain and rhodopsin is likely to be secondary to that between CC and rhodopsin. In other words, the interaction of CC with rhodopsin may induce   FIG. 4 . Analysis of GRK-2 and its mutant. A, phosphorylation of rhodopsin by the wild-type and 4PA mutant form of GRK-2. The reaction condition was described under "Materials and Methods." Control (Ctr) was the reaction carried out in the absence of any forms of GRK-2. The results were visualized (inset) and quantified using filmless autoradiographic analysis. B, phosphorylation of a peptide substrate by the wild-type and 4PA forms of GRK-2. The synthetic peptide RRREEEEESAAA (1 mM) was incubated with 100 ng of GRK-2 or 4PA mutant. The reaction was quenched by spotting the sample on P-81 paper as described under "Materials and Methods." Data shown are the mean specific 32 P i incorporation values of three separate experiments. C, activation of the wild-type and 4PA mutant of GRK-2 by 329 G-Rho*. 100 ng of each enzyme was incubated with (ϩ) or without (Ϫ) the light-activated 329 G-Rho in the reaction mixture, and the reaction was started by addition of 0.1 mM RRREEEEESAAA. Data shown were the mean Ϯ range from two separate experiments done in duplicate.
FIG. 5. Interaction between CC or the N-terminal domain of GRK-2 and the non-activated or light-activated rhodopsin.
A, the binding experiment was carried out under the condition of illumination or under weak red light, and detection was done as described in Fig. 2B . B, intein-fused GRK2-NT and maltose binding protein was expressed and purified as described under "Materials and Methods." Rhodopsin was pretreated with Triton X-100 at a final concentration of 1% and then was added to the fusion proteins bound to chitin beads under the condition of illumination or weak red light. h, in the light (ϩ) or dark (Ϫ). a conformational change in rhodopsin that may be recapitulated by the Triton treatment, and this change may thus allow the binding of the N-terminal domain to rhodopsin. This idea is further supported by the observation that CC, but not the N-terminal domain (data not shown), of GRK-2 inhibits GRK-2-mediated phosphorylation of rhodopsin. The finding that G 329 -Rho* can weakly activate the CC deletion mutant but not the N-terminal domain deletion mutant (29, 37) , suggests that the interaction of rhodopsin with the N-terminal GRK domain may have a role in GRK activation by its substrate. According to the recently solved crystal structure of GRK-2, the kinase domain is in an inactive conformation, and conformational changes of both rhodopsin and GRKs are expected to occur during the recognition and the phosphorylation of the receptor (26) . The N-terminal domain contains the ␣4-␣5 loop of the regulator of G protein signaling homology domain bundle subdomain that forms an interface with the ␣J helix of the kinase large lobe. Interaction of the N-terminal domain with the activated receptor may affect this interface and modulate GRK-2 activity by influencing the relative orientation of the kinase small and large lobes (28) . Therefore, it is reasonable to believe that the N-terminal domain may contribute to regulate the intrinsic activity of the kinase domain.
In summary, our results have demonstrated that the conserved C-terminal region of all GRKs may interact with their GPCR substrates and that this region seems to specifically recognize the light-activated but not the non-activated rhodopsin. Using site-directed mutagenesis, we have further identified a proline-rich motif within the CC as the key structural element required for the interaction. GRKs and G proteins are the only known protein families that interact with the activated forms of GPCRs. Structural studies of these proteins could therefore provide insights into the common structural characteristics of activated GPCRs. Our finding that a conserved fragment of GRK-2 (residues 466 -531), especially a proline-rich motif within the CC of GRKs, is required for the interaction of GRKs with activated GPCRs may help to identify possible consensus structural features of the activated GPCRs via structural studies.
